Abstract-A self-referenced optical fiber refractometer using a ball lens as a sensor head has been developed and characterized. A 350-μm ball lens created at the tip of a single mode fiber has been coated with a 40-nm optically thin layer of palladium that reacts with hydrogen to form a hydride, which has a lower reflectivity than pure palladium. Optical reflectance measurements from the tip of the ball lens were performed to determine the hydrogen response. The change in reflectivity is proportional to the hydrogen concentration in the range 0% to 1% hydrogen in air with a detection limit down to 10 ppm (1σ) in air. This technique offers a simple sensor head arrangement, with a larger sampling area (∼40 times) than a typical single-mode fiber core. A statistical image analysis of a palladium film, with cracks created by accelerated failure, confirms that the anticipated sensor area for a ball lens sensor head has a more predictable reflectivity than that of a bare fiber core.
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I. INTRODUCTION
T HE development of a stable, intrinsically safe and reliable hydrogen sensor is essential as a safety measure in hazardous environments since hydrogen has a wide explosive limit of 4-75% volume in air [1] . A fibre optic based hydrogen sensor offers electrical isolation, eliminating many sources of ignition that may lead to an explosion. The use of low loss optical fibres allow transmission of optical signals over many kilometres, making possible remote control of a portable sensor head. Also, the sensor head can be miniaturised to micro -scale dimensions. Previous research studies have demonstrated fibre optic sensors detecting hydrogen down to parts-per-billion level (20 ppb using an interferometric setup [2] ) and achieving fast response (5 s for 4% hydrogen in air [3] Palladium is commonly used as the sensing element in a hydrogen sensor due to its high catalytic activity and high solubility of hydrogen. It reacts with hydrogen to form palladium hydride, which has a larger lattice constant than pure palladium. As the palladium film layer expands with the diffusion of hydrogen atoms into the lattice, the volume of free electrons decreases as do the real and imaginary parts of the complex refractive index, which causes the reflectivity of the palladium film to decrease. Optical fibre refractometers have been designed to make use of the change in reflected intensity from the junction between an optical fibre end, coated with a thin film of palladium, and the test medium. Butler [6] used a micromirror chemical sensor head with a 10 nm thin palladium film deposited at the end of a multi-mode fibre and detected hundreds of ppm hydrogen in nitrogen.
Palladium in its pure form exists in the α phase. With the formation of the palladium hydride, the system transitions to the β phase [10] . In the transition phase both the α and the β phase can coexist and the resulting expansion can cause additional strain in the metal hydride [11] . Hysteresis effects during hydrogenation and dehydrogenation can cause irreversible deformations that are manifested as cracks, pin-holes and peeling of the film. This can lead to reduced reflectivity due to surface delamination and thus deterioration in sensor performance. Use of a restricted sensor area, for example the core of a singlemode fibre, can lead to catastrophic failure if such flaws coincide with the active area. A larger sensor area allows greater coverage for the palladium deposition, which can reduce the probability of catastrophic failure resulting from cracks and improve the predictability of the sensor's performance.
Palladium based sensors have been tested for use with hydrogen dissolved in either air or nitrogen. Maier et al. [8] have remarked that the outer few nm of the film may form an oxide PdO 2 , especially at elevated temperatures, which being catalytically inactive can reduce the sensor response.
Various approaches have been reported to increase the active area of Fresnel based refractometers and / or hydrogen sensors. A fibre optic bundle with multiple singlemode fibre ends has also been used for refractive index measurement [12] . Multimode fibres have been used by Butler et al. for hydrogen sensing [6] and by Suhadolnik et al. for refractometry of liquids [13] , however such sensors may be subject to mode noise in the fibre. Finally, Butler has used the endface of a GRIN lens coated with Pd for hydrogen sensing [6] , however this method requires careful alignment of the lens to the singlemode fibre.
In this paper, a refractometry technique is presented that uses a ball lens as a sensor head. Ball lenses are created in a fusion splicer, where the tip of a fibre is melted by an electric arc in a controlled process. The radius of the ball lens can be chosen to optimise the intensity of the Fresnel back-reflection from the outer surface of the ball lens that is coupled back into the singlemode fibre. This technique has the advantages of providing a simple sensor head (avoiding fibre and optics alignment) and a large sampling area compared to a cleaved single mode fibre. The ball lens is sputter coated with a 40 nm optically thin palladium film which serves as a micromirror and the hydrogen response is characterized for a range of hydrogen concentrations from 0 to 10,000 ppm hydrogen in air. The advantage of a large sensor area is further quantified by statistical analysis of a palladium film that was exposed to high pressure and concentration of hydrogen to accelerate failure. This paper expands on results first reported by Chowdhury et al. at the 23 rd Optical Fibre Sensors conference, OFS23, in 2014 [14] .
II. PRINCIPLES OF OPERATION

A. Optical Fibre Refractometry
The measurement principle is that changes in the refractive index of the external medium will induce a change in the Fresnel reflection at the silica/external interface [15] . That interface can be provided by a simple cleaved fibre endface or, as we show here, a ball lens. The reflectivity change is measured as a normalized change in intensity of the sensor head compared to a reference that is unaffected by the medium under test. Equation (1) equates the reference and probe measurements to the Fresnel reflectance at the fibre-air interface (reference fibre) and the ball lens-oil interface (probe fibre).
where V ref and V probe are measured detector voltages for light reflected from the reference and sensor probe respectively, n core and n air are the refractive indices of the fibre core (1.45) and air (1.0) respectively, n probe is the refractive index of the external medium (eg a calibration oil or a Pd film) and R norm is a normalising factor established when the sensor probe is in air,
The normalized change in reflectivity, ΔR/R air , can then be calculated using equation (2).
B. Gaussian Beam Expansion
Laser light emitted from a single mode fibre will expand radially in the direction of travel, z, with a Gaussian profile in a homogenous medium [16] . The beam starts to propagate at z = 0 from a minimum beam waist radius or spot radius, ω 0 where the beam intensity has fallen to 1/e 2 (13.5%) of its peak and the wavefront is planar with an infinite radius of curvature, R(z) = ∞. The radius of curvature passes through a minimum at a finite z and increases as z is further increased. The beam radius increases as the beam expands and can be focused back into the single mode fibre core using a spherical lens. Thus a ball lens acting as a mirror with a radius of curvature that matches the wavefront curvature will allow beam expansion to a larger beam spot radius and then reflect this back into the core. This is demonstrated in Fig. 1 .
The radius of curvature, R(z) is defined by equation (3) for beam expansion in the ball lens medium.
The ball lens is assumed to have a uniform refractive index n ball , ω 0 is the beam waist radius, (5.2 μm for SMF28 fibre) at z = 0 and λ is the operating wavelength (1550 nm) [16] .
For the optimum curvature of the ball lens, at which most of the reflected light will be coupled back into the core, the wavefront radius of curvature, R(z) must be equal to the radius of the ball lens, z/2. This condition would ensure that the beam would be normally incident on the ball lens surface, and we would expect a Fresnel reflection from the latter that is dependent on the refractive index of the external medium. Fig. 2(a) shows the change in ball lens radius, z/2 and the wavefront radius with increasing propagation distance z, calculated using equation (3) . There is no point of intersection between the two traces that would allow us to maximise coupling of reflected light back into the fibre. We therefore chose to work with ball lenses at the upper end of the range supported by the fusion splicer, in order to maximise the illuminated area of the ball lens.
The evolution of the beam waist radius as a function of propagating distance, ω(z) is defined by equation (4) and displayed Circle sizes correspond to a singlemode fibre mode field diameter and ball lens spot diameter, respectively. graphically for our system in Fig. 2(b) .
The beam waist radius ω 0 for wavelength is given by equations (5) and (6) [17] 
where a is the radius of the SMF28 core (4.1 μm), n core and n clad are the refractive indices of the fibre core and cladding.
C. Quantification of Required Sensor Size
A larger area will allow a greater coverage of a palladium film layer and thus offer greater resilience to cracking of the film. To quantify this effect, a 40 nm palladium thin film deposited on a glass substrate was exposed to 99% hydrogen at 100 bar pressure for 48 hours at room temperature to accelerate failure. Fig. 3 shows an image of the cracked palladium film, taken using a microscope (Olympus, BX51) at 200 × magnification in reflection, whereby one pixel corresponds to an area of 200 nm 2 . The types of cracks observed in the image are consistent with images obtained by other groups [18] . Fig. 3 shows an 8-bit greyscale image in which the low intensity pixels show irreversible pin-holes and cracks. It is possible that a singlemode fibre core could coincide with an area affected by such flaws, for example at positions a or b in Fig. 3 , resulting in catastrophic failure of the sensor.
Although a larger sensor, as shown by circle c, is in fact more likely to have some cracks within this area, the performance of the sensor head will be more predictable because the ratio of cracked to unaffected area is more likely to be consistent. This can be quantified by building an image histogram that can be treated as a discrete probability density function that defines the likelihood of a pixel intensity occurring within the image [19] .
The original image was divided into a series of windows of given area (x-by-x pixels, where x is an integer). The average intensity was then calculated for each window in the entire image. The window intensities correspond to the average reflectivity that might be seen in a hypothetical sensor of the given area. The average window greyscale intensities and the number of windows with each intensity were plotted on a histogram. Fig. 4(a) shows the result of averaging over a 52 × 52 pixel window, which approximately corresponds to the area intersected by the single-mode fibre mode field diameter of 10.4 μm, with a mean pixel intensity of 133. Fig. 4(b) shows the result for a 240 × 240 pixel window, which corresponds approximately to the area intersected by the 47 μm diameter active region of a 175 μm ball lens sensor, with a mean pixel intensity of 142. As the window size increases, the number of low intensity pixels (that represent cracks) drops, resulting in a narrower histogram. Thus, larger area sensors are less likely to suffer catastrophic failure as a result of pin-holes and cracks.
III. BALL LENS PREPARATION
The ball lenses were made in a fusion splicer (Fujikura, FSM-100P) where the tip of the fibre was melted with an electric arc. The geometry of the ball lens is dependent on the arc power and the melting time, whereby a longer melting time led to bigger ball lenses; these parameters were controlled using the manufacturer's proprietary software [20] . The fusion splicer had an option to rotate the fibre during the melting process. An arc current of 23 mA and a melting time of ∼65 s resulted in a 175 μm radius ball lens. Fig. 5(a) shows an image of a ball lens created at the tip of Corning SMF-28e fibre, which is viewed through immersion oil that matches the refractive index of the cladding. It can be observed that the core is still present and its orientation has been affected by gravity. A rotation speed of 10°/s ensured even heat distribution during the melting process and this corrects the bending of the core, as shown in Fig 5(b) . However, the reflected light can still be guided by the core, which invalidates the use of Gaussian beam expansion model in a homogeneous medium.
To eliminate the presence of the core in the ball lens, a short length of coreless silica fibre (FiberCore, MM125) with a matched cladding diameter of 125 μm and a refractive index of 1.444 was spliced to the SMF-28. The MM125 fibre was melted to achieve a 175 μm radius ball lens of pure silica and uniform refractive index at the tip of the SMF-28 and is shown in Fig. 6 .
We tested a range of ball lens sizes experimentally and the results are shown in Table II . Reflectivity measurements were made for different diameter ball lenses using the apparatus described later in Section IV. The optimum diameter of the ball lens is in the region of 175 ± 1 μm as can be seen from the results in Table II . Given that this does not correspond to a match between ideal ball lens radius and ideal wavefront curvature, as indicated in Fig. 2(a) , these results may indicate either that there is a slight distortion in the ball lens curvature created during fabrication, or that there is some distortion of the wavefront at the end of the singlemode fibre core.
The spot sizes of the SMF-28 bare fibre and 175 μm radius ball lens were imaged under a microscope with a visible camera with 200× magnification. We employed a 532 nm green DPSS (diode pumped solid-state) laser (Photop Suwtech, model DPGL-3010 F, 10 mW output power). Fig. 7(a) and (b) show microscope images of the fibre ends. At this wavelength the calculated spot diameter of the cleaved SMF-28 is 4 μm and that of a 175 μm radius ball lens is 40 μm. We were unable to measure from the image the spot diameter where the beam intensity falls to 1/e 2 but the calculated values are consistent with the images.
At 1550 nm, the spot diameters of the SMF-28 core and the 350 μm diameter ball lens were calculated to be 10.4 μm and 47 μm respectively, with sampling areas of 87 μm 2 and 1720 μm 2 . In an ideal case, the maximum coupling efficiency of reflected light back into the core will occur at a ball lens radius that is equal to the wavefront radius. However, as Fig. 2(a) shows, there is no ideal size of ball lens at which wavefront radius and ball lens radius intersect. Nevertheless, a ball radius of 175 μm was found to provide an acceptable level of reflectivity to permit sensor development. With the radii of curvature no longer matching, the effective sampling area of the spot size therefore becomes somewhat uncertain; we can assess the illuminated area of the sensor head, but not which parts of this area reflect light back into the core.
IV. EXPERIMENTAL SETUP
A schematic of the Fresnel refractometer is shown in Fig. 8(a) , and is similar to that reported by Dimopoulos et al. [15] . A 1550 nm superluminescent diode (Covega, SLD1005) was used at 500 mA with a sine-wave modulation of 9 kHz and a current amplitude of ±12 mA from a function generator (Stanford Research Systems, SRS DS345). The probe fibre used a 175 μm ball lens as the sensing tip. The reference fibre used a bare cleaved fibre in air, which is insensitive to hydrogen. Fresnel reflections from the fibre ends were detected by photodetector amplifiers, PD1 and PD2 (Thorlabs, PDA10CS-EC). The photodetector signals were demodulated by matched lock-in amplifiers (Stanford Research Systems, SR850), using a time constant of 30 ms. The ratio of the probe and reference signals corrected for any time varying optical fluctuations that were common to both channels. The high modulation frequency and low time constant was used to overcome the digitization limit of the lock-in amplifiers. Although this resulted in a noisy output, the signals were later averaged over 100 data points to reduce the high frequency random noise.
Test gases were supplied from certified cylinders (BOC) with concentrations of 0 ppm (+1/-0 ppm), 998 ppm (± 1 ppm) H 2 in air and 10,000 ppm (±100 ppm) H 2 in air. Here, "air" refers to a synthetic mixture of nitrogen and oxygen, substantially free of other trace gases. Gas from the cylinders was fed into a bank of mass flow controllers (Teledyne Hastings HFC-302 with THPS-400 controller) with ranges of (i) 0-1000 cm 3 /min, (ii) 0-1000 cm 3 /min, (iii) 0-100 cm 3 /min and (iv) 0-10 cm 3 /min. This system was used to control flow rates from the two cylinders, with downstream mixing generating a series of mixtures of different concentrations in the range 0-1000 ppm H 2 in air or 0-10,000 ppm H 2 in air. For each step change in concentration applied, a total of 6 minutes was allowed for passage of gas down the connecting pipework, diffusion into the cell and settling of the lock-in amplifiers before taking readings.
At each concentration step, signals from the probe and reference channels were recorded simultaneously and the normalised signal calculated according to equation (1) . The values of (V ref ) air and (V probe ) air used to normalise the measurement were established in the same way by supplying zero air to the test chamber prior to each gas measurement and again taking readings simultaneously on both channels.
V. RESULTS
A. Characterisation of the Sensor Head
To characterise the sensitivity of the ball lens as a sensor head, the uncoated ball lens was dipped in oils of known refractive index in the range 1.60 to 1.68 (Cargille Labs, Series M) measured at 589 nm and 25°C. A Cauchy dispersion equation (provided by the manufacturer) was used to calculate the refractive index of the oils at 1550 nm and 25°C. The resulting error in the calculated refractive index was ±0.005 according to the manufacturer. The oils were mounted on a Peltier element to maintain a constant temperature of 25 ± 0.1°C. The refractive index of the oils, n oil , were determined from equation (1) .
The oil calibration chart shown in Fig. 9 is a plot of experimentally determined refractive index using the ball lens refractometer against the calculated Cauchy refractive index values at 1550 nm and 25°C. Each oil was experimentally measured three times and the average value plotted. The error on the data point is the standard deviation of the repeated set. The Cauchy and experimental values match closely for each oil and lie within the expected error as quoted by the manufacturer. The minimum detectable change in refractive index is 0.0012 (1σ), which is also the repeatability of the measurements and is determined by taking the average of the standard deviation of all the repeated oil measurements.
B. Hydrogen Sensing Properties
The 175 μm radius ball lens was coated with a 40 nm optically thin palladium film. A palladium film any thicker than 40 nm has been shown to have a reduced magnitude change of reflectivity [18] . The coating was fabricated using a sputter coater (Emitech K575X) with a stream of argon to provide omni- directional deposition of sputtered atoms, in order to create films that conform to shape changes of the substrate. Our ball lenses were observed to have a Pd coating over the entire ball lens and along the exposed section of fibre (approx. 1 cm). No shadowing was visible for overhangs of less than 1 mm. However, owing to the small size of the ball lens, we were unable to confirm the coating thickness on the ball experimentally; instead, this work was performed by SEM analysis of flat microscope slides coated simultaneously.
The trial vessel used for hydrogen testing is shown in Fig. 8(b) . Fig. 10 shows a typical sensor response for a range of hydrogen concentrations.
It can be observed that the voltage in air does not return to the starting baseline and this is attributed to extended recovery times. We estimated the response and recovery times as t 90 -t 10 where t 10 is the time at which the signal changed by 10% of the full step, and t 90 is the time at which the signal changed by 90% of the full step. For a change between 0 and 1000 ppm H 2 , the response time was thus estimated to be 80 s and the recovery time was estimated at approximately 8 min. These times include the filling time of the test vessel and the response time of our mass flow controllers.
Extension of these measurements to other concentrations results in the data shown in Fig. 11 , as the normalised change in reflectivity as a function of hydrogen concentration. The limit of detection was estimated to be 10 ppm H 2 in air (1σ). This was established as 1 standard deviation of each of two series of measurements made at 0 ppm H 2 and 10 ppm H 2 . It can be seen that that the response was linear in the range 0-10,000 ppm hydrogen in air, when the palladium hydride is in the α phase as known to happen for a thin palladium film [21] .
Over the longer term, our ball lens sensor head appears to be stable, in that it has been functioning with no deterioration in performance over a period of approximately 6 months.
VI. CONCLUSION
A ball lens, created on the end of a single mode optical fibre and coated with a 40 nm palladium layer, has been demonstrated as a sensor head for use in hydrogen sensing. The ball lens has an optimum radius of 175 μm at which the coupling efficiency of reflected light back into the fibre core is maximised. A refractometry technique has been applied that detects changes in reflectivity of a palladium coating as a function of hydrogen concentration from 0 to 10,000 ppm hydrogen in air. The interrogation system used a single-mode optical fibre network with two fibre channels. The probe fibre ended in a ball lens and the reference channel, which was a cleaved SMF-28 fibre, compensated for time-varying optical fluctuations that were common to both the reference and the probe channel. The detection limit was measured to be 10 ppm hydrogen in air.
Ball lenses have the advantage that they are simple to produce with no alignment issues. The large active area allows greater coverage of the palladium coating, which could offer long-term resilience to cracking and blistering compared to a bare single mode fibre core. To investigate this, we accelerated the failure of a similar Pd coating on a plain glass substrate. Statistical analysis of a microscope image of the resulting flaws has allowed quantification of this effect and shows that the larger sensing area would indeed have a more predictable reflectivity in the presence of flaws. Daniel Francis is a Postdoctoral Research Fellow in Engineering Photonics, Cranfield University, Cranfield, U.K., specializing in optical instrumentation for measurement applications. His doctorate involved the development of full-field laser speckle instrumentation, for which he was awarded the Cranfield University, School of Engineering prize for best Ph.D. in 2009. His research interests include speckle interferometry, laser speckle odometry and laser spectroscopy for gas sensing. He has ten conference and journal publications and a book chapter to his name. 
